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ABSTRACT
Vector-borne illnesses are a growing serious global public health threat. According to the CDC,
Lyme disease (LD) is the most common vector-borne disease in the United States. It is caused by
the bacterium Borrelia burgdorferi and is transmitted to humans through the bite of an infected
black-legged tick. Since discovery, LD has been increasing in both incidence and geographical
distribution. Vector life cycles and disease transmission are highly sensitive to abiotic
conditions; as such, it is expected that climate change will alter the geographic distribution and
magnitude of vector-borne illnesses. Certain facets of climate change like precipitation patterns,
greater climate variability, increasing temperatures, and extreme weather events may be a key
driving force in the increase of vectors and vector-borne diseases. Extreme high and low
temperatures influence vector survival, low humidity decreases vectors’ host and/or mealseeking activities, and too little or too much rainfall affects vector reproduction rates. This study
aims to answer the following questions: 1) Is there a relationship between Lyme disease (LD)
cases and the climate variables precipitation and temperature? 2) Does the distribution of LD
cases vary across the different climate regions in the U.S.? 3) Is the association between climate
factors and LD cases consistent across the US?
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CHAPTER 1: INTRODUCTION

Lyme disease was first identified in rural Connecticut in the 1970s. It first presented as
unexplainable rheumatoid arthritis-like symptoms in juveniles and was assumed to be caused by
a virus. However, in 1981, Dr. William Burgdorfer discovered a type of slim, spiral bacteria known as spirochetes- in the guts of deer ticks. This infection is transmitted through the bite of
an infected tick and is caused by the bacterium spirochete Borrelia burgdorferi. The tick Ixodes
pacificus is the primary vector for Lyme Disease in western U.S. while Ixodes scapularis is the
primary vector for Lyme Disease in the eastern and midwestern U.S. (Brownstein et al., 2005;
Couper et al., 2020). These tick species have four life stages: egg, larva, nymph, and adult, and
they only require one blood meal per host-seeking life stage. The larvae and nymphs of I.
scapularis and I. pacificus feed on small hosts, including lizards, birds, and rodents, while adults
feed on larger mammals. The most common hosts for adult I. scapularis and I. pacificus are the
Columbian black-tailed deer and the white-tailed deer. Human encounters with these ticks
depend on seasonality and life stage specific host-seeking behavior. It is typical for nymphal
ticks to seek hosts in the late spring and early summer, while adults emerge for a blood meal in
the late summer and early autumn (Couper et al., 2020; Moore et al, 2014; Eisen et al., 2016).
Vector life cycles and disease transmission are highly sensitive to abiotic conditions; it is
expected that climate change will alter the geographic distribution and magnitude of vectorborne illnesses (W.H.O., 2014; Kilpatrick & Randolph, 2012). It is important to note that the
cause behind the increase in tick-borne disease is extremely multifaceted; both the life cycles of
the ticks and the factors affecting the life cycles are considered dynamic and complex. According
to Dantas-Torres (2015), some factors that contribute to tick abundance and distribution include
vegetation coverage, host availability, moisture and temperature conditions, photoperiod, and
human activities.
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The Intergovernmental Panel on Climate Change (IPCC) predicts that a global
temperature rise of 2.5 to 10 degrees Fahrenheit is expected over the course of the next century.
However, it is important to note that climate is not changing in the same way over the globe.
There are differences in temperature rise over land compared to over the oceans. In addition,
rainfall is also changing. Some areas receive more rainfall or extreme weather events (frequent
flooding, heavier rainstorms), while drier areas are experiencing frequent and prolonged drought
periods (Gilbert, 2021). Suss et al. (2018) highlighted temperature and humidity increase will
result in acceleration and longer duration of the tick life cycle. Specifically, the number of life
cycles of the ticks is likely to increase, resulting in expansion in geographical distribution and
population density. Moreover, Ogden & Lindsay (2016) concluded that certain facets of climate
change like precipitation patterns, greater climate variability, increasing temperatures, and
extreme weather events may be a key driving force in increasing vectors and vector-borne
diseases. Extreme high and low temperatures influence vector survival; low humidity decreases
vectors’ host and/or meal-seeking activities, and too little or too much rainfall affects vector
reproduction rates.
Levi et al. (2015) outlined the effects of meteorological influences on the seasonality of
LD. The authors analyzed the effects of climate change on the peak activities of the nymphal life
stage of Ixodes species. They showed that climate warming and the timing of nymph peak
activity were associated. In fact, climate warming in May and August was associated with peak
nymphal activity occurring 3.7+/- 1.5 days earlier. The generalized additive model predicted an
increase in mean annual temperature in the 2020s, which could lead to 8-11 days earlier nymph
activity. Ergo, earlier activity could result in earlier and longer disease transmission time from
ticks to humans. Too cold or too hot temperatures may be inversely related to the number of
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cases of LD. Dumic and Severnini (2018) suggested that specific temperature zones appear to be
related to the number of LD cases, while other temperatures were not significant in predicting
number of cases.
The effects of climate change on the developmental life cycle and expansion of ticks in
Germany was studied by Süss et al. (2008). According to the authors, temperature between 67°C, humidity >85%, and competent blood hosts are the basic criteria for an optimal
environment for ticks. Further, they also noted the importance of certain ecosystems –
microclimate conditions – of the tick’s habitat. Statistical regional climate model was the
predictive model used to describe tick-borne diseases in Germany. An increase in temperature
will more than likely cause an acceleration in the developmental life of the ticks, an increase in
egg production, and an increase in population density.
Land cover is also an important driving factor behind tick abundance and geographical
expansion. In the last decade in the most prominent LD region, the northeast, tick expansion has
quadrupled. In fact, LD now appears in areas where there were no cases a decade ago. Initially,
models suggested that the Midwest was too dry and possessed inadequate tick habits. However,
tick-borne diseases have been detected in these areas in recent years. The literature review
outlined that the traditional ideal habitat for I. scapularis was viewed to be specific temperature
zones and humidity in deciduous and mixed forests. But, due to recent expansions, other habitats
such as grasslands, pastures and coniferous forests may also be suitable for sustaining Ixodes
species life cycle (Stone et al., 2017). Moreover, in Switzerland, Gern et al. (2008) assessed the
effects of humidity, temperature, and altitude on ticks’ questing activities in two different
regions. Tick questing activity was affected by high saturation deficits (i.e., low humidity). The
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ticks would frequently have to travel to lower ground for rehydration, resulting in expended
energy they would otherwise have used for questing.
The differences in how ticks are affected in different regions were explored by Eisen et
al. (2016). It was noted that the activity of I. scapularis and I. pacificus were dependent upon
specific humidity and temperature ranges. Additionally, the study looked at how the seasonality
of ticks due to climate variations affected vector-human disease transmission. It was concluded
that when larval stages of ticks fed earlier in the year than their nymph counterparts, that resulted
in the least efficient transmission. However, an increase in the nymph population can lead to a
greater source of infection.
On another note, tick behavior can be affected by the climate variation and the
geographical location of the ticks. Tomkins et al (2014) suggest that I. ricnus populations that are
geographically separated show variability in their questing initiation. A difference in ticks’
“switch point” was observed with the use of environmental threshold modeling. For ticks to
initiate questing, the temperature must reach a certain degree and be maintained at that level for a
specific period of time. This study also revealed that ticks in cooler climatic habitats initiated
questing at lower temperatures compared to ticks in warmer regions.
Not only does climate affect the vectors but also reservoir hosts. The relationship
between reservoir host and vector is extremely complex. Specifically, the tick life cycle and their
reservoir host (the white-footed mouse, Peromyscus leucopus and the white-tailed deer,
Odocoileus virginianus) have a complex life cycle. Roy-Dufresne et al. (2013) showed that
shorter, milder winters in Quebec resulted in a northward expansion of P. leucopus. The study
estimated expansion of the white-footed mouse has been occurring at a rate of approximately 10
km yr-1 into Southern Quebec over the past four decades. Moreover, these results were
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consistent with the observed expansion at a rate approximately 15 km yr-1 in Michigan in the past
three decades. The authors predicted that a further northern shift of 300 km, at a rate of 8 km yr 1

is expected over the next four decades. Ergo, northward distribution of the white-footed mouse

results in a similar expansion of ticks (Eisen et al. 2016, Kilpatrick et al. 2017).
Despite the known relationship between aspects of tick biology and specific climate
variables, how these effects translate to LD incidence remains ambiguous. There is large
variation in climatic conditions across the US, which has varying effects on the ecological
dynamics of tick-borne diseases (Eisen et al. 2016, Kilpatrick et al. 2017). Couper et al. (2021)
examined regional differences in climate-disease relationship using the US Fish & Wildlife
Service reginal boundaries. This study aimed to fill the gap in the literature and utilized the nine
climatically consistent regions within contiguous US as per the National Oceanic and
Atmospheric Administration (NOAA). This study aimed at answering the following questions: 1.
Is there a relationship between Lyme disease (LD) cases and the climate variables precipitation
and temperature? 2. Are environmental factors affecting LD cases in a consistent pattern across
the US climate regions. 3. Does the distribution of LD cases vary across the different climate
regions in the U.S.?

CHAPTER 2: DATA & METHODS

Data
We obtained publicly available annual state-level reports of Lyme disease rates and cases
spanning rom 2000-2018 from the Centers for Disease Control and Prevention (CDC). The year
2006 was omitted from the study because the state-level information LD rates was not publicly
available. (https://www.cdc.gov/lyme/datasurveillance/index.html). For precipitation and
temperature data, the monthly values were downloaded from the National Oceanic Atmospheric
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Administration (NOAA) Monthly U.S. Climate Gridded Dataset (NClimGrid)
(https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.ncdc:C00332). In
this study, the climate variables average temperature (Tmean) and precipitation (Prec), are
measured in degrees Fahrenheit and inches, respectively. The climate variables were then
aggregated annually for each state in the U.S. to match with the LD annual rates Additionally,
both LD incidence rates and climate variables data were stratified by the NOAA’s climatic
regions in the U.S. The National Centers for Environmental Information (NCEI) have identified
nine climatically consistent regions: Northwest (Washington, Oregan, Idaho), West (California
and Nevada), Northern Rockies and Plains (Montana, Wyoming, North Dakota, South Dakota,
and Nebraska), Southwest (Utah, Arizona, Colorado, and New Mexico), South (Kansas,
Oklahoma, Texas, Louisiana, Arkansas, and Mississippi), Upper Midwest (Minnesota, Iowa,
Wisconsin, and Michigan), Ohio Valley (Missouri, Illinois, Indiana, Ohio, Kentucky, Tennessee,
and West Virginia), Southeast (Alabama, Georgia, Florida, South Carolina, North Carolina, and
Virginia) and Northeast (Pennsylvania, Maryland, Delaware, New Jersey, Connecticut, Rhode
Island, Maine, District of Columbia, New York, Vermont, New Hampshire, and Massachusetts)
(Figure 1).
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Figure 1: Map showing National Centers or Environmental Information (NCEI) National Oceanic and Atmospheric Administration
(NOAA) nine climatically consistent reions in contiuious United States
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Statistical Analysis
Descriptive statistics were performed to explore trends in LD incidence among different
states and climate regions in the U.S. ArcGIS Pro was used to create descriptive maps of LD
rates, precipitation, and temperature distribution from 2000-2018. Analysis of Variance
(ANOVA) was conducted using climate region as the classification variable to determine if there
are significant differences in variables among the nine climate regions. Linear regression model
was conducted to evaluate the possible association between climate variables and LD rates in the
US. Additionally, Pearson correlation was conducted to examine significant correlation between
precipitation and LD rates, and temperature and LD rates. Covariates with a p-value <0.05 were
considered statistically significant. This was done using SAS 9.4 statistical software.

CHAPTER 3: RESULTS
Figure 2 & 3 shows mean distribution of LD rates by state and by region. Highest
incidence rates were reported in Connecticut, Delaware, New Hampshire, Maine, Vermont, and
Rhode Island in the Northeast region and Wisconsin and Minnesota in the Upper Midwest
Regions. All the other states and regions reported low incidence. Figure 4 & 5 shows the mean
precipitation by state and region. Mean precipitation was highest in the states of Florida,
Alabama, Georgia and North Carolina (Southeast region); Louisiana, Mississippi and Arkansas
(South region); Tennessee and Kentucky (Ohio Valley); and Connecticut and Rhode Island
(Northeast region). Figure 6 is a panel plot that has mean precipitation on the left side and
Lyme disease rate on the right side. Each box represents a different climate region. It is showing
the trend of precipitation and Lyme disease rates from 2000-2018. The Northeast region shows a
similar trend in Lyme disease rates and mean precipitation.
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Figure 7 & 8 shows mean temperature by state and region. Mean temperature was highest
in the Southern states of Louisiana, Texas, Mississippi, and Georgia, Alabama and Florida which
are part of South and Southeast regions respectively. Figure 9 shows a panel plot of mean
temperature on the left side and Lyme disease rate on the right side. It is showing the trend of
temperature and Lyme disease rates from 2000-2018. Temperature and LD rates are trending in
a similar way in the Upper Midwest region.

Figure 2: Distribution of mean Lyme Disease rates by state and region from 2000-2016
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Figure 3: Boxplot showing distribution of mean Lyme Disease rate per 100,000 population by climate region in
contiguous United States, 2000-2018

13

Figure 4: Mean precipitation by state and region from 2000-2018

Figure 5: Boxplot showing distribution of mean precipitation (inches) by climate region in contiguous United States,
2000-2018
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Figure 6: Panel plots showing Lyme Disease rates and Precipitation by Region, 2000-2018
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Figure 7: Mean temperature by state and region from 2000-2018

Figure 8: Boxplot showing distribution of mean temperature (oF) by climate region in contiguous United
States, 2000-2018
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Figure 9: Panel plots showing Lyme Disease rates and Temperature by Region, 2000-2018

Table 1 shows results of the three Analysis of Variance (ANOVA) models. This study
looked at how the different variables compared across the nine climatic regions. The ANOVA
procedure suggests that LD rates, temperature and precipitation were statistically significantly
different across the climate regions (p-value <0.001). Table 2 shows the linear regression model
results. The model was fitted to investigate the association between temperature, precipitation,
and LD rate. The results indicate that temperature and precipitation were significantly associated
with LD rates in the United States. The model predicts 2.310F decrease in temperature (CI: -
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2.65, -1.97) and 0.29 inches (CI: 0.25, 0.33) increase in precipitation per one unit increase of LD
rates in the United States for the period 2000-2018. Table 3 shows results of Pearson correlation
statistical tests. The results indicate that there is a weak negative correlation between LD rate and
temperature and a weak positive correlation between LD rate and precipitation. There is a weak
positive correlation between the precipitation and temperature. The Pearson Correlation test
indicated statistically significant results for both temperature and LD rate and precipitation and
LD rates. However, the R-squared value explains the amount of variability in LD rate that
precipitation and temperature accounts for in the model. The R-squared value reported from our
model is 0.22 which suggests that precipitation and temperature only accounts for 22% of the
variability in LD rate.

Variable
LD Rate
Temperature
Precipitation

Results of Analysis of Variance (ANOVA)
Mean (SD)
F Value
11.38 (22.44)
125.45
11.75 (4.14)
234.89
83.55 (32.13)
205.97

p-value
<.0001
<.0001
<.0001

Table 1: Summary of three models of Analysis of Variance (ANOVA) test results for investigating significant differences in mean
temperature, mean precipitation and LD rates across climate regions in the US

Effect of Temperature and Precipitation on Lyme Disease Rates
Parameter
Standard
Variable
Degrees of Freedom
Estimate
Error
t Value
Probability 95% Confidence Interval
Intercept
1
14.33
2.29
6.25 <.0001
9.83
18.83
Temperature
1
-2.31
0.17
-13.31 <.0001
-2.65
-1.97
Precipitation
1
0.29
0.02
12.94 <.0001
0.25
0.33
Table 2:Linear regression model Parameter Estimates, Probability and 95% Confidence intervals or the effect of temperature and
precipitation on Lyme disease rates in the United States 2000-2018
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Pearson Correlation Coefficients
LD Rate
Precipitation
Temperature
0.26
-0.27
LD Rate
1.00
<.0001
<.0001
0.26
0.37
Precipitation
<.0001
1.00
<.0001
-0.27
0.37
Temperature
<.0001
<.0001
1.00
Table 3: Pearson Correlation coefficients results to examine relationship between covariates

CHAPTER 4: DISCUSSION
In this study, annual LD rates, mean temperature, and precipitation data for each state in
the contiguous United States were used to investigate the relationship between the climate
variables and LD rates. Descriptive maps were used to visualize the differences in variables
between each climate regions. The highest rates of LD were recorded in the Upper Midwest and
Northeast regions. Pearson correlation test was used to measure the strength of the linear
relationship between LD rates and mean temperature, LD rates and mean precipitation and mean
precipitation and mean temperature. Although the results were statistically significant, the
strength of the linear relationship indicated that there is a weak negative correlation between LD
rate and temperature, a weak positive correlation between LD rate and precipitation, and a weak
positive correlation between the precipitation and temperature. The Pearson correlation results
were similar to the results from linear regression model. The model was fitted to test the
relationship between LD rates and precipitation and temperature in the United States. The results
indicate that there is a statistically significant relationship between LD rates and temperature and
precipitation in the US. Dong et al., (2020) asserts that climatic variables are highly correlated,
resulting in spurious effects when building statistical models. Moreover, Couper et al., (2021)
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states that large variation among specific climate factors and their ability to predict disease
burden is usually a nonlinear relationship.
The descriptive data showed that the highest rates of LD were in the Northeastern region
which includes New York, New Jersey, New Hampshire, Connecticut, Delaware, Maine,
Maryland, Massachusetts, Rhode Island, and Vermont. Previous studies showed that warming
temperatures year-round contributes to tick range expansion, rapid increase in tick development,
and tick survival. Warming annual temperatures and increasing LD incidence is considered the
strongest climate-disease association. Warming year-round temperatures at high latitudes
contribute to I. scapularis range expansion, rapid tick development, and increased survival.
Temperature directly affects vector mortality rates, vector host, vector development, vector
activity, and meal-seeking behavior. Ergo, warmer temperatures close to the northern range limit
of the ticks will ultimately promote LD transmission. This phenomenon is supported by this
study as the Northwest region remains a significant predictor of LD cases (Clow et al., 2017,
Lindsay et al., 1995, Ogden et al., 2016, Ogden et al., 2004., Rand et al., 2004). LD expansion
trends in the Northeast quadrupled in the past decade. It is predicted that this continued
northward expansion is due to climate change and may allow for the introduction of permanent I
scapularis populations in migratory birds. To add, it is estimated that the range of I scapularis
spans across almost a third of the eastern half of the United States and Canada. These species
can potentially shift their ranges rather than suffer due to climate change and so may be able to
utilize novel hosts (Stone et al., 2017, Gilbert, 2021).
Subak (2003) & McCabe & Bunnell (2004) asserts that precipitation is a more accurate
predictor of LD incidence than temperature. Heavy rainfall in the late spring/early summer
months can break larval diapause and eclosion. Moreover, moisture due to high rainfall in
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forested areas also favors tick survival. Human exposure to infected nymphal ticks is greatest in
the summer months as it is the time of peak outdoor human activities. All life stages of the tick
require an optimal balance of wetness and dryness. Increase rainfall can stabilize temperature
fluctuations in the microclimate under the soil surface, thus affecting tick development. Also,
Jones and Kitron (2000) and Berger et al. (2014) asserts that greater precipitation increases leaf
litter moisture, thus creating favorable conditions for questing activity and tick survival.
There are several limitations to this study. Firstly, only two climate variables were
included in this research. When reviewing Subak (2002), humidity affects the tick’s survival,
especially in periods of inactivity. They require a relatively humid microclimate that included
decomposing plant matter and soil humidity. Secondly, reservoir hosts were not included in the
study. The white footed mouse (Peromyscus leucopus and Peromyscus maniculatus) of North
America plays an important role in the life cycle of the black legged tick. Roy-Dufresne et al.,
(2013) found that rising temperatures has caused P. leucopus species to expand northward to
Canada. The domino effect of this northward expansion of P. leucopus has resulted in expansion
of ticks as well as northward expansion of LD cases.

In addition, non-climatic predictors of LD

rates were not included in this study. Land use and land cover characteristics, health seeking
behavior and human awareness of ticks are examples of non-climate predictors used in a study
by Couper et al., (2020). The researchers found that that there was a general positive association
between LD incidence and increasing tick awareness, while land cover and health seeking
behavior varied by region.
Lastly, it is important to mention under reporting of cases. The increase in LD cases over
the past decade has led to more public awareness and messaging. This study did not consider
how LD trends are affected by changes and improvements in LD diagnostics, and efficiency and
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standardization in testing and surveillance for prevention and detection of LD. Erthel et, al.,
(2012) conducted a study that found reported cases were subject to variation, based on the
method used – “changes in surveillance methods can cause changes in trend”.
The rate of vector-borne illnesses has been increasing in recent years. The emergence and
re-emergence of diseases such as mosquito-borne Zika virus in Latin America and the Caribbean
and tick-borne encephalitis in Europe have been a major research theme and has identified
environmental factors as a major driver of vector-borne disease transmission Prior research has
extensively explored and investigated how moisture and temperature can impact vector
abundance, life cycles, range, and activity patterns. However, although the relationship between
vector life cycle and biology and climate variables have been established, describing and
quantifying how these effects translate to disease incidence have proven to be challenging
(Couper et al., 2021, Swei et al., 2019).
The study showed that there is a statistically significant relationship between the climate
variables temperature and precipitation and LD rates in contiguous United States. Other avenues
for this study would be to consider adding climate factors such as humidity in the statistical
model for predicting LD. Further analysis can be used to investigate the effect of climate
variables and seasonality on each region in separate models. Environmental factors can vastly
vary across regions. It may not just directly affect the ticks, but also host abundance and habitat,
thus causing a ripple effect on pathogen prevalence and vector abundance. Understanding the
seasonality and predictors of LD is useful for targeted public health awareness and interventions
when the risk is highest. Timely transfer of information is also important for the medical
community to curb complications. It is evident that LD incidence is rising and will continue to
rise. Early detection and public health efforts should be further strengthened and fortified.
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